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Abstract—In this paper, six recently proposed massive
multiple-input multiple-output (MIMO) channel models are
described briefly, and their normalized channel capacities and
spatial cross-correlation functions (CCFs) are further compared.
Among these models, two dimensional (2D) elliptical model, 2D
parabolic model, three dimensional (3D) twin-cluster model,
3D 5G channel model, and 3D ellipsoid model are geometry-
based stochastic models (GBSMs), while 2D Kronecker-based
stochastic model with birth-death (BD) process on the array axis
(KBSM-BD-AA) is a correlation-based stochastic model (CBSM).
The 3D channel characteristics considering the elevation angles
of massive MIMO channels, and 2D channel characteristics are
investigated. The simulation results show that the spatial CCFs
and channel capacities of 3D channel models are larger than
those of the corresponding 2D channel models.

Keywords — Massive MIMO channel models, GBSM, CBSM,
spatial CCFs, normalized channel capacities.

[. INTRODUCTION

Massive MIMO technology has widely been accepted as one
of the most significant technologies of the fifth generation (5G)
wireless communication networks due to its largely increasing
spectral and energy efficiency [1]-[3]. Traditional MIMO
channel models [4]-[6] cannot capture massive MIMO channel
characteristics which have been investigated by a large number
of measurements [7]-[10], such as cluster non-stationarity
on both time and array axes, and spherical wavefront. It is
important and necessary to propose a general, precise, and
easy-to-use channel model to estimate the property of massive
MIMO wireless communication systems.

Up to now, there are six channel models proposed for
massive MIMO technology— the 2D elliptical model [12],
the 3D twin-cluster model [13], the 3D 5G channel model
[14], the 3D ellipsoid model [15], the 2D parabolic model
[16], and the 2D KBSM-BD-AA [17]. The elliptical model
is a 2D wideband GBSM, in which clusters are located on
multi-confocal ellipses. The 3D twin-cluster model models
the complicated scattering environment as the first and last
bounces of twin-clusters and virtual links between them.
Both the 2D elliptical model and 3D twin-cluster model
can capture massive MIMO channel characteristics, such as
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spherical wavefront and non-stationarity on both array and
time axes. They modeled cluster appearance and disappearance
by a BD process. The proposed 3D general 5G channel
model [14] can support channel characteristics of 5G wireless
communication technologies, such as vehicle-to-vehicle (V2V)
communications, massive MIMO technology, and millimeter
wave (mmWave) technology. The 3D wideband multi-confocal
ellipsoid channel model with uniform planar antenna arrays
(UPAs) for massive MIMO wireless communication systems
considered the non-stationary channel characteristics in the
time and array domains by adopting a BD process and a
seed algorithm on UPA for the first time. Only clusters in
cluster evolution areas (CEAs) go through cluster evolution
which is caused by near-field effect and other clusters can
be observed by all antennas in UPA. In the 2D parabolic
model, parabolic wavefronts replaced spherical wavefronts by
a second-order approximation, which resulted in linear angle
drifts of multipath components (MPCs). The authors modeled
smooth average power variations by a spatial lognormal pro-
cess and the non-stationarity on the array domain by a two-
state Markov process. All the above models are GBSMs which
are relatively accurate but complex. With lower complexity, a
KBSM-BD-AA was proposed [17].

The remainder of this paper is organized as follows. Sec-
tion II describes the six massive MIMO channel models. Re-
sults and analysis are shown in Section III. Finally, conclusions
are given in Section IV.

II. MASSIVE MIMO CHANNEL MODELS

A. 2D Elliptical Model

Let Mt (Mp) denote the number of antennas in the uniform
linear array (ULA) of the transmitter (Tx)/ receiver (Rx) which
is located on focal point of the confocal ellipses whose major
axis is 2f. The antenna elements at Tx and Rx are spaced
with separation d1 and &R, respectively. The n-th cluster of
scatterers is located on the n-th ellipse with major axis 2a,,.
The carrier wavelength and maximum Doppler frequency are
presented as A and fi,ax, respectively.
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The non-stationarity on the array domain is modeled by a
BD process. Let CIT denote the cluster set in which clusters
are valid to the /-th antenna of the transmit array (A7) and C}
denote the cluster set in which clusters are valid to the k-th
antenna of the receive array (AX). The survival probability of
clusters in the cluster set at the Tx (Rx) lenal ( sumWﬂ)
from ClT_l (CT) to C?_l (Cd}) can be modeled as [18]
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T _ _—Arpw
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where D? denotes the scenario-dependent correlation factor.
Ar (per meter) and Aq (per meter) present the recombination
rate and cluster generation rate.

The durations between two cluster appearances and disap-
pearances both follow the exponential distribution [18], the
average numbers of newly generated clusters NI, and NJ

new new
follow the Poisson process, which can be calculated as [18]

. 5
BINT,] = 28 (1 - o~ F) 3
AR
. 5
BIVE,] = 28 (1 - ) @
AR

where E[-] is the expectation.
According to the BD process O (CR) are obtained by
s?u'vival (Psl}u'vixal) and N, new new) The total number of
clusters Nioia1 are the sum of the clusters which are valid to

at least one pair of antennas, which can be expressed as
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where card(-) is the cardinality of a set. Then, a cluster, say
Cluster,, (n < Nyota1), is valid to both AT and AL if and only
if Cluster,, € CIT n C’? The total channel impulse response
(CIR) consists of two elements, i.e., line-of-sight (1LOS) CIR
and non-LOS (NLOS) CIR. It can be expressed as a complex
matrix H = [hy (¢, 7)|57 xps,» Where & =1,2,--+ MR and
[ = 1,2,--- ,Mv. In the theoretical model, the number of
rays which are in one cluster (S) is infinite, and the multipath
complex gains Ay (t,7) between AT and AT at delay 7 can
be expressed as
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where K is LOS Rician factor and P, is normalized mean
power of the n-th cluster. More details of calculations of this
2D elliptical model are in [12].

B. 3D Twin-Cluster Model

For the twin-cluster model, the propagation environment be-
tween Tx and Rx through each cluster, for example Cluster,,
(n < Niotal ), is composed of three parts, 1 e. the first bounce
between Tx and a representation Cluqtel , the last bounce
between Rx and a representation Cluqtel -, and the virtual
link between the two representations. There are Sy rays in the

first bounce, and S, rays in the last bounce.

The CIR of this model is similar with elliptical model but
the calculations of the parameters are based on the 3D vector
coordinate system. At the meanwhile, the NLOS components
of CIR should be calculated as
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More details of calculations of this 3D twin-cluster model
are in [13].

C. 3D 5G Channel Model

The 5G GBSM is a 3D channel model, which is based on
the twin-cluster model and Saleh-Valenzuela channel model
[19], which was originally proposed for indoor multipath
propagations to support the high time resolution which is an
important characteristic of mmWave channels. The number
of rays within each cluster follows a Poisson distribution.
Delay and complex gain are assigned to each ray. Doppler
frequencies are taken into account at both the Tx and Rx
for supporting V2V features. Moreover, polarized directional
antennas are considered. The CIR can be computed as

K(t
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~ s

ag
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where Nioa1(#) is the number of clusters, M, (f) is the
number of rays which are in Cluster,, which follows a Poisson
distribution, 7,,(#) is the delay of Cluster,,, and 7, (f) is the
delay of the m,-th ray in Cluster,,. All the parameters of the
proposed SG channel model vary as time, which can model
the non-stationary on time axis and high mobility of channels.

For the LOS CIR, if both the Tx and Rx take polarized
antenna arrays into account, the channel gain hL°3(t) can be
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expressed as
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where ¢1,0g is uniformly distributed over the internal [0, 27r)
[20]. The superscript V (H ) denotes vertical polarization (hor-
izontal polarization). Functions FT(a,b) and FT(a,b) are
antenna patterns with input vectors @ and b in the global
coordinate system. The input vectors a and b are transformed
into the local coordinate system to obtain the antenna patterns.
For NLOS components, if Cluster,, ¢ C/F(¢) N CR(t), the
complex channel gain fig; 5, m,, (£) can be presented as
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where P, ., is normalized mean power of the m,-th ray in
Cluster,, and /K is the cross polarization power ratio. The
normalized mean power of Cluster,, can be computed as P,, =
Y .. Pnm, . Random phases ¢, oy )y @l are
uniformly distributed within [0, 27) [6].

The 5G channel model can easily be adapted to various
configurations for different scenarios with various technologies

by setting proper channel parameters.

D. 2D Parabolic Model

The parabolic model is a 2D wideband non-stationary GB-
SM based on WINNER model [6]. There are two contributions
in this model. On one hand, parabolic wavefronts are modeled
by a second-order approximation. This approximation results
in approximately linear angle drifts of MPC, reducing com-
putational and theoretical complexity compared to spherical
wavefronts [21]. On the other hand, smooth cluster power
variations can be calculated by a spatial lognormal process and
cluster evolution is modeled by a two-state Markov process.
The CIR can be calculated as

Niotal
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where M, is the number of rays per cluster and 8, indicates

ii.d. random variable which follows uniformly distribution
over [0,27). It definates the phase of the m-th MPC which

are in the n-th cluster at the center of the Tx antenna
array . qSLOS and Ad¢x.m, present the phase variations
experienced by the LOS CIR and the m-th MPC within the
n-th cluster from the /-th Tx antenna to the k-th receiver
antenna, respectively. PlLOS and P, are the powers of the
LOS component and the average cluster power at the /-th Tx
antenna, respectively. fi , is the Doppler frequency shift of
the m-th MPC for the n-th cluster. The detailed calculations
of parameters of the parabolic model can be found in [16].

E. 2D KBSM-BD-AA

In the conventional KBSM for MIMO wireless communica-
tion system, the spatial correlation between the Tx array and
Rx array is not considered. The CIR can be expressed as

1 T

H=R;H.R} (16)
where H,, denotes a MR X M matrix with zero-mean unit-
variance complex i.i.d Gaussian entries, Rr(R1) is Toeplitz
matrices which denotes overall spatial correlation matrices at
the Rx (Tx) when the Rx (Tx) array is ULA [22]. The element
of spatial correlation between the m-th and the n-th antennas
in RR, i.e. IR mn can be calculated as

Esmk( )

RR,mn = TR,mn = R (17)
\/z\smk\2\/z\s ol
where 57131147 is the complex gain between the m-th (m =

1,2,--- ,Mp) antenna and the k-th (k = 1,2,---) scatterer
, and sgk is the complex gain between the n-th (n =
1,2,---,Mp) antenna and the k-th scatterer. TRy is the
spatial correlation coefficient between the m-th and the n-th
antennas and the entry of matrix TR in the m-th row and n-th
column.

For the massive MIMO channel, antennas are not effected
by the same set of scatterers. So, Ry = Ty is not valid
any more. The survival probability E'r .. of scatterers when
they evolve from the m-th antenna to the n-th antenna can be
modeled by a BD process [17],

Blm—n|

ER,mn =e" (18)
where S > 0 presents how fast scatterers disappear on the
array axis. ER .y, is decreasing if the difference between m
and n is increasing, which means that less scatterers are shared
if the antenna spacing is bigger. Then,

Z 57131147 (5713147) ¥

k
ATl Rl
19)

RR,mn = ER,mnTR,mn = ER,m

The calculation for Tx is same with the above procedure.
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FE. 3D Ellipsoid Model

In the proposed 3D ellipsoid model, each ellipsoid was
the rotation of an ellipse with respect to the y axis. The
Tx and Rx are equipped with UPAs with Mt (m X n) and
My (pX ¢) omnidirectional antennas, respectively. The central
points of UPAs are located at the focal points of the confocal
ellipsoids with major axis 2f. The o-th cluster of scatterers
is located on the o-th ellipsoid with major axis 2a,. The
antenna spacings of the Tx and Rx are denoted as ér and
O, respectively. The massive MIMO CIR can be presented as
a MR X My [(p X q) X (m x n)] complex matrix. Each item
of H(¢,7) can be presented as

Niotal
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The elliptical model [12], the twin-cluster model [13], the
5G channel model [14], the parabolic model [16], and the
KBSM-BD-AA [17] always considered non-stationary channel
characteristics on the array axis, no matter what the relation-
ship between the distance between Tx and Rx and Rayleigh
distance. In fact, near-field effects are valid only in the area
whose radius is Rayleigh distance [23]. So, this paper first
introduces the threshold of the cluster evolution as I', which
defines the radius of CEAs. Note that
262 (m2 + n2)
I'r = —

(22)

(23)

o 20 (7 + )
e )

The areas whose radius are I'r and I'g are the CEAs where
clusters can be only affected by part of the antennas. The more
calculation and the seed algorithm for UPAs can be found in
[15].

The characteristics of above six models including wavefront,
cluster evolution, supporting 3D, moving Rx, mmW, UPAs or
not are compared as shown in Table I.

. 24)

III. RESLUTS AND ANALYSIS

The absolute values of spatial CCFs of the 3D ellipsoid
model, the 2D 5G channel model, the 3D twin-cluster model,
the 2D parabolic model, the 2D elliptical model, and the 2D
KBSM-BD-AA in isotropic scattering environments at the Rx

—— 2D ellipsoid model

—— 3D ellipsoid model

== == 20} parabolic model

= 2D 5G channel model

.| ——*— 3D 5G channel model
f Bt 2D twin-cluster model

i [ =+ 3D twin-cluster model
|—2— KBSM-BD-AA

2D elliptical model

Receiver absolute values of spatial CCFs

0 0.5 1 15 2 25
Normalized antenna spacing,(SR

Fig. 1: Receiver spatial CCFS of six massive MIMO channel
models (Mr = 128, Mp = 8, f. = 2GHz,D = 160 m,
v =5 m/s, v.=0.5 m/s, T (initial time)=0 s,
ps = /3,43 = /4 (3D models only), ufy = w/4, u%s = /3
(3D models only), ¥} = 0,v% = 0 (3D models only),
v =n/3,v5 = 0 (3D models only).

are completed in Fig. 1. For the three 3D models, we also
present their corresponding 2D models with elevation angle
being zero. The spatial CCF of the 2D ellipsoid model is
slightly larger than that of the 3D ellipsoid model when the
channel environment and array configuration are the same.
This conclusion also holds for the 2D/3D twin-cluster model
and the 2D/3D 5G channel model. The characteristics of ele-
vation angles in 3D channel models can increase the diversity
of channel models and therefore, have negative influence on
the spatial CCFs.

The spatial CCF of the 3D general 5G channel model is
very similar with that of the 3D twin-cluster model. A similar
conclusion can be obtained in 2D cases. The reason is that
the simplified massive MIMO channel model resulting from
the 5G channel model is based on the twin-cluster model.
Their difference is only on describing the delays of sub-paths
in certain clusters. The spatial CCF of the KBSM-BD-AA is
an exponentially decaying function multiplied with a zero-th
order Bessel function of the first kind.

Fig. 2 shows the comparison of normalized channel ca-
pacities of the above six massive MIMO channel models
and an i.id. massive MIMO modes in isotropic scattering
environments. The channel capacities of 3D models are in
general large compared to those of 2D models. From this
figure, we can conclude that the elevation angles have some
influence on the capacity of channels. The channel capacity
of the i.i.d. channel model is the upper bound of channel
capacities. The reason why the channel capacity of KBSM-
BD-AA is larger than those all of the GBSMs is that the way
introducing cluster evolution in the KBSM-BD-AA is simpler
than those in GBSMs. Channel capacities of all the above
models are not comparable when SNR is less than 12 dB.
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TABLE I: Comparison of six massive MIMO channel models.

Model

Characteristics [121 [13] [14] [15] [16] (17
Support 3D N Y Y Y N N
Support moving Rx Y Y Y Y Y N
Support mmW N N Y N N N
Support UPAs N N N Y N N

Model cluster (dis)appearance BD process | BD process | BD process | BD process | Two-state Markov process | BD process
Wavefront Spherical Spherical Spherical Spherical Parabolic Plane
9 [4] 3GPP T.S. 25.996, Spatial channel model for multiple-input multiple-

2D ellipsoid madel
8| —=— 3D ellipsoid model
— — — 2D parabolic model
----- 2D 5G channel model
6| - —*— 3D 5G channel model
--+-- o= 2D twin—cluster model
++++ - 3D twin—cluster model
—#&— KBSM-BD-AA
elliptical model
—%—i.i.d. channel model

Normalized channel capacity (bps/Hz}
[&)]

8 10 12 14 16 18 20
SNR (dB)

Fig. 2: Comparison of channel capacities of ellipsoid model, 5G
channel model, twin-cluster model, the parabolic model, elliptical
model, KBSM-BD-AA and the i.i.d. massive MIMO model
(Mt =32,Mr =32, fe=2GHz,D =160 m, v= 5 m/s,
v.=0.5 m/s, Ty(initial time)=0 s, % = 7/3, uy, = w/4 (3D models
only), pft = w/4, p& = w/3(3D models only)v3 = 0,v% = 0 3D
models only), uﬁ' =w/3, I/E = 0(3D models only).

IV. CONCLUSIONS

This paper has investigated and compared the spatial CCFs
and capacities of six massive MIMO channel models. Simu-
lation results have shown that the spatial CCFs and capacities
of 3D GBSMs, such as ellipsoid model, SG channel model,
and twin-cluster model are larger than those of 2D ones.
Furthermore, the capacities of the KBSM-BD-AA is larger
than those of GBSMs.
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